A linear stability analysis of the channel inception on bedload-dominated alluvial deltas is performed with the use of the shallow-water equations and the Exner equation.
INTRODUCTION
A delta is defined as an accumulation built by a terrestrial feeder system into or against a body of standing water such as a lake or sea. In a broad manner, deltas can be separated into alluvial deltas such as river delta and alluvial-fan delta, and nonalluvial delta such as pyroclastic delta and lava delta (Nemec1) 1990). Only the alluvial deltas are in the scope of this study.
Under various situations, alluvial deltas form themselves differently, which has been intensively investigated by many geologists. In addition, there is a large amount of study by hydraulic engineers because sediment deposition around river mouths is an important subject from engineering viewpoints. Deltas also play important roles for the environment because of its unique ecological resources. For example, river delta provides abundant natural conditions, resulting in the habitation for a variety of creatures such as terrestrial animals, aquatic animals and plants.
It is found that grain size fraction is a basic terminology for the delta classification. Mediumsize, radial deep-sea fans in western Mediterranean, Californian borderland and Alaska are found to be sand-dominated, while most of large-size, elongate ones such as Mississippi fan, Amazon, and Bengal are mud-dominated (Table 2 in Einsele2) 1996). Therefore, suspended load might play an important role of this differentiation. This motivates us to investigate the characteristics of deltas in terms of processes of sediment transport. In this study, only bedload is taken into consideration as a first step for the investigation so that the phenomenon of bedload-dominated alluvial delta is well presented by the model. The evolution of incipient channelization of the various types of geomorphology has been investigated recently. Izumi and Parker3) (2000) performed a linear stability analysis to study incipient channelization on hillslopes composed of cohesive soil. Dey, Kitamura and Tsujimoto4) (2001) studied the erosional process of headcut by experiments and numerical calculation. Izumi5) (2001) performed a linear stability analysis to investigate the formation of submarine canyons.
Most of the previous analyses have dealt with channelization in erosional processes. In this study, a depositional process is studied in a bedload dominated case. After a one-dimensional base state solution is obtained, a two-dimensional linear stability analysis is performed to obtain the growth rate of the evolution of incipient channelization.
FORMULATION
•\ 697•\ (1) Governing equations Let us consider the flow on the alluvial delta connecting to a large water body at its downstream end. Fig. 1 shows our model configuration. We assume that the bed consists of non-cohesive sediment which is transported as only bedload. When the transported sediment get across the delta front, it is assumed to settle down on the slope at the front, causing the migration of the delta. If the water depth of the standing water is sufficiently large compared with the flow depth, wave impact is insignificant (Nemec1) 1990). So, we neglect the effects of wave and tide in this study. Since the present analysis is devoted to the description of the depositional surface evolving in response to sheet flow, it motivates us to apply the St Venant shallow water equations, which can be described by the following equations: (8) This analysis is a first step to investigate the instability of the alluvial delta, so the understanding of the basic mechanism of the problem is a top priority. The simple form of (8) is used in this paper.
(2) Alluvial delta migration
If there is a constant sediment supply from the upstream, there occurs a constant deposition at the downstream end of the delta, which causes the migration of the delta front at a constant speed. The migration speed or is expressed as (9) where zds s the elevation at the delta front, which also can be assumed constant. where the asterisk indicates the moving coordinates. When the curvature radius in the twodimensional case is sufficiently large, the circular shape of delta front can be approximated to be linear with enough accuracy. Thus, with the use of above relations, the Exner equation (5) where qW is flow discharge per unit width.
Introducing Eqs.(12a-e) into Eqs. (1)- (3) and (11) 
In order to solve Eqs. (21)- (23), we employ the downstream boundary condition that water surface is continuous at the interface between the river flow and the standing water body. When the depth of the standing water body is much larger than the flow depth, the downstream boundary condition is controlled by the water elevation of the water body, and the non-dimensional downstream flow velocity can be expressed as (24) Since the equations (21) (38)
•\ 700•\ (40) are imposed, the fourth one is satisfied by itself. Thus, in reality, only three independent boundary conditions are specified by Eq. (40).
In the light of Eq. (28), z1 must be normalized so as to satisfy the following condition at the origin: (41) The condition at the downstream boundary of the flow domain is preserved in the present analysis.
The downstream boundary, however, is no longer located precisely at x = 0 due to the 
and the quantity of axeƒÖt cosky can be described by the difference of the migration speeds; thus (44) Expanding Eq. (44) and reducing, at O(a) in a it is found that (45) Therefore, substuting Eq. (45) into (43) and reducing, the fifth boundary condition is obtained: (46) Equations (36)- (39) have solutions satisfying the boundary conditions (40)- (41) and (46) only for particular values of co. It is apparent that we cannot obtain the analytical solutions, so the equations are solved numerically using the relaxation method for two-point boundary value problems outlined in Press et al.7) Fig.6 The growth rate co as a function of k for Case 1. Fig. 7 The growth rate co as a function of k for Case 2. Fig.8 Plots of u1, v1, h1 and z1 for Case 1 and k = 10.
RESULTS AND DISCUSSION
(1 with k = 10 are shown in Fig. 8 . All of them decrease and approach to zero at the far upstream. Though we try various parameters in the model, it is always found that the growth rate co is negative in any value of k. This implies that the bedloaddominated alluvial deltas are stable to the perturbation provided at the delta front.
(2) Roles of sediment transport processes Fig.9 shows a fan delta formed in an experiment performed by one of the authors in Tokyo Institute of Technology, in which only bedload was observed. In the experiment, the delta is observed to develop concentrically keeping its round shape of delta front.
Even though shallow channels are formed on the delta surface temporarily one after another, they are unstable to disappear shortly. The results obtained in this analysis correspond to the fact that bedload-dominated deltas have a stable front shape that tends to keep its parallel or round shape. Therefore, elongate deltas described subsequently cannot be formed with coarse sediment. Fig.10 shows the river mouth delta formed in the Abashiri Lake, which is a typical example of the elongate delta as is the case with Mississippi delta. At the river mouth, the accumulation of huge quantities of sediment both suspended and bedload allows the delta front to extend into the lake8). It is suggested that the suspended sediment might be an important factor of the channel inception of the elongate delta, which should be further studied in the future.
CONCLUSIONS
A linear stability analysis is performed to investigate the incipient channelization on the deposition process of bedload-dominated alluvial deltas with the use of downstream-driven theory. In the one-dimensional base state, the bed profile presents upward-concave characteristic in contrast 
